I studied reproduction and postnatal ontogeny in a captive population of the African water rat, Dasymys incomtus, whose numbers have declined since the 1960s. Mean litter size was 2.9, gestation was 29 days, and maximum reproductive output was 18 young. Neonates were altricial and weighed 6.1-10.3 g. Weaning occurred at 24 days, and sexual maturity was attained at 6 weeks in males and 17 weeks in females. The estrous cycle was 7-16 days, the variation being caused by prolonged estrus. Comparisons with other African murid rodents suggest that the low reproductive output and prolonged postnatal ontogeny of D. incomtus reflect phylogenetic constraints imposed by an altricial strategy and nipple clinging but also may be adaptive responses to the stable and predictable mesic habitats occupied by D. incomtus. However, the low reproductive rate compromises its ability to cope with continued habitat destruction and desiccation, and populations of D. incomtus can be expected to decline further.
The evolution of life histories reflects the opposing forces of adaptation and constraints (Boyce 1988; Stearns 1992) . Major adaptive influences include environmental and demographic variations (Case 1978; Stearns 1976) , and effects of phylogeny and body size are important constraints on evolution of life histories (Boyce 1988; Creighton and Strauss 1986; Stearns 1992) . Tradeoffs in energy and resource allocation also affect the evolution of life histories, and in mammals, trade-offs occur, for example, between litter size and neonate mass and between litter mass and maternal mass (Martin and MacLarnon 1985; Millar 1977) . Disentangling the adaptive (ecological) responses from phylogenetic constraints of life-history traits is important for studying evolution of life histories and is best achieved by a comparative approach (Case 1978; Creighton and Strauss 1986; Pagel and Harvey 1988 ).
* Correspondent: nevillep@gecko.biol.wits.ac.za Only a few of the numerous studies on reproduction or postnatal ontogeny (or both) of African murid rodents have followed a comparative approach to examine ecological and phylogenetic influences on life-history parameters (but see Dempster and Perrin 1989; Meester and Hallet 1970; Neal 1990; Pillay 2001) . Common and abundant rodent species are well represented in the literature, perhaps because of their ease of capture or their economic importance, but little is known about many uncommon taxa. In this article, I describe reproduction, postnatal growth and development, and the estrous cycle of the water rat, Dasymys incomtus. This murid rodent has a widespread distribution in moist habitats (e.g., swamps) of the savanna woodland and montane regions of sub-Saharan Africa from Sierra Leone to Sudan and southward to South Africa (Davis 1962) . The water rat is abundant in some parts of its range (Kingdon 1974 ) but is considered rare and vulnerable in southern Africa (Davis 1962; J. Meester, in litt.; R. H. N. Smithers, in litt.) because of habitat loss through desiccation and destruction of wetlands (Mugo et al. 1995) .
The rarity of D. incomtus, at least in southern Africa, and the past difficulty in breeding this species in captivity means that little is known of its natural history and ecology. The limited data available indicate that D. incomtus breeds during the summer months (August-March) in Botswana and Zimbabwe (Smithers 1975) and that litter size is 2-9 pups in southern Africa (De Graaff 1981; Skinner and Smithers 1990) .
Another objective of this study was to compare reproduction and postnatal ontogeny of water rats with those of the closely related red veld rat, Aethomys chrysophilus (Ducroz et al. 2001) , and the more distantly related, but ecologically similar, vlei rat, Otomys irroratus (Skinner and Smithers 1990) ; D. incomtus and A. chrysophilus belong to the subfamily Murinae, and O. irroratus belongs to the subfamily Otomyinae. D. incomtus and O. irroratus prefer mesic habitats, occur syntopically over most of southern Africa, and bear a close resemblance to each other (Skinner and Smithers 1990) . A. chrysophilus occurs in a wide range of habitats but prefers rocky outcrops and, like D. incomtus, is omnivorous; O. irroratus is a strict herbivore (Skinner and Smithers 1990) . All 3 species have similar body masses (Brooks 1972; Davis and Meester 1981; De Graaff 1981; Pillay et al. 1995) . If reproduction and ontogeny of the water rat resemble those of the red veld rat, phylogeny is likely an important constraint on life-history patterns. However, if these traits are more similar to those of the vlei rat, ecological influences may be more important.
MATERIALS AND METHODS
Study species.-Dasymys incomtus is a stoutly built, medium-sized rodent with adult body mass of 118-171 g. Adults (n ϭ 30) in the present study measured as follows: head-body length ϭ 153-175 mm, tail length ϭ 110-175 mm, hind foot length ϭ 27-39 mm, and ear length ϭ 16.5-20.5 mm.
The diet consists of plant materials, comprising a wide range of aquatic and semiaquatic plants (Skinner and Smithers 1990) , although insects also are consumed (Hanney 1965; Smithers 1975) . D. incomtus is terrestrial and partly aquatic. Complex nests are constructed on the swampy borders of rivers (Hanney 1965) , and both sexes build intricately woven nests with available material (hay or fresh grass) in captivity.
A founder population of 6 males and 8 females was trapped from 1992 to 1994 at Kamberg Nature Reserve (29Њ52ЈS, 30Њ58ЈE) in the KwaZulu-Natal Midlands, South Africa. In captivity, animals were maintained in a room with partial environmental control (22-25ЊC; 30-70% relative humidity; light regime of 15L:9D, lights on at 0500 h). Food (sweet potato, apple, and commercial rabbit pellets) and water were provided ad libitum. The diet was supplemented with mealworms (Tenebrio larvae) and fresh green grass (mainly Kikuyu, Pennisetum clandestinum) when available.
Reproduction.-Pairs were established in glass aquaria (300 by 400 by 900 mm), each equipped with a nest box (150 by 150 by 150 mm). Coarse wood shavings were provided as bedding, and hay was provided as litter. Pilot studies revealed that females behaved aggressively toward males for several days after pairing, and importantly, none of the pairs (n ϭ 6) produced offspring. To promote breeding, a male and female were kept apart with a wiremesh barrier for 7-10 days and paired when the female was in estrus (as determined by vaginal smears-see below). In all, 15 pairs (comprising wild-caught and captive-born individuals) were established, all of which reproduced.
Litter size and sex ratio were determined for each litter; the sex ratio of offspring was tested for parity among litters with a heterogeneity chisquare analysis (Zar 1996) . Young were removed from the parental cage at weaning (between 24 and 30 days) and kept in holding cages (120 by 250 by 400 mm) either singly or as same-sex groups.
Postnatal development.-Physical and behavioral development of individuals from 30 litters was examined between 0800 and 1200 h every 2nd day from birth (day 0) to 30 days of age, and thereafter weekly for 20 weeks. Young were weighed to the nearest 0.1 g, and linear measurements (head-body, hind foot, ear and tail lengths) were recorded to the nearest 0.5 mm. I used analysis of variance for repeated measures (after Ferron and Ouellet 1991) to test for sexual dimorphism in body mass and linear measurements, with sex as the grouping variable and weekly readings from day 0 to 140 as dependent variables.
Growth rate of individuals was determined from birth to weaning and from weaning to 140 days of age. Preweaning and postweaning growth rates were calculated using the formula Timing of locomotory and swimming proficiency, opening of the eyes, and sensory abilities were monitored. Age at weaning was ascertained by observation of independent feeding behavior and a decrease in the proportion of time spent nipple clinging. Sexual maturity in males was noted when the testes were fully descended into the scrotal sac. Perforation of the vaginal orifice denoted reproductive maturity in females. Female sexual maturity was delayed (see ''Results''), and to accelerate maturity, some 30-day-old females (n ϭ 5) were housed away from their mothers in a different room, given a high protein diet of mealworms and dog cubes (n ϭ 6), or paired with an unfamiliar, sexually experienced male (n ϭ 5).
Behavioral development was investigated every 2nd day for the first 4 weeks of life. In addition, young were subjected to a series of tests to establish the emergence of the following behavioral abilities described by Brooks (1972) : grasp reflex, righting ability, cliff-drop aversion, negative geotaxis, exploratory behavior, and self-grooming. Occurrences of agonistic behavior among littermates and between young and their parents were recorded on an ad hoc basis.
Estrous cycle.-Vaginal smears were taken from 16 females, 6 from March to April 1995 and 10 from August to September 1995. In the latter period, 5 females were housed in a room without any males, and 5 females were placed close to males (i.e., a female and male were placed on either side of a wire-mesh barrier in a glass aquarium).
Vaginal smears were taken daily between 0730 and 0830 h for 45 days or 6 cycles, whichever occurred first. Smears were classified as estrus, metestrus, diestrus, and proestrus. For each female, the number of estrous cycles completed in 45 days, the modal values of the cycle length, and the number of days she spent in each stage of the estrous cycle were calculated. Differences in the estrous cycle characteristics among treatments were evaluated with a Kruskal-Wallis test (Zar 1996) .
RESULTS
Reproduction.-Fifteen laboratory pairings produced 30 litters (88 young). After averaging the litter size of pairs that produced more than 1 litter, overall mean litter size of 15 pairs was 2.9 (Ϯ0.31 SE), with a modal value of 3 (40% of litters) and a range of 2-5 young/litter, although only 1 litter of 5 young was produced. Maximum reproductive output was 6 litters over an 8-month period, which was recorded in 2 pairs, one producing a total of 15 and the other 18 offspring.
In 2 breeding pairs, the interval between observed copulations (mating) and parturition was 29 days. Comparison of gestation period (29 days) and the mean interval between successive litters (32 days Ϯ 0.93 SE; n ϭ 10) suggests that mating occurs during the 1st postpartum estrus. The male-female ratio of young from 15 litters collectively was 41:47, which did not differ significantly from parity (heterogeneity 2 ϭ 2.23, d.f. ϭ 14, P Ͼ 0.05).
Postnatal development.-Body mass in both sexes increased continuously from birth to 140 days (Fig. 1) . Although mass gain slowed down after approximately 112 days, a longer sampling period is required to establish an asymptote. Body mass of sexes did not differ for all ages (F ϭ 0.22, d.f. ϭ 1, 57, P Ͼ 0.05). Mean daily growth was more rapid during the preweaning (0.052 g Ϯ 0.001 SE) than the postweaning (0.013 Ϯ 0.001 g) phase.
Age-specific variation in linear measurements was slight, with the SE Ͻ3% of the mean for all ages and measurements. None of the linear measurements were sexually dimorphic (head-body: F ϭ 3.76, d.f. ϭ 1, 57, P Ͼ 0.05; tail: F ϭ 0.08, d.f. ϭ 1, 57, P Ͼ 0.05; hind foot: F ϭ 0.01, d.f. ϭ 1, 57, P Ͼ 0.05; ear: F ϭ 0.07, d.f. ϭ 1, 57, P Ͼ 0.05). Ear length attained 95% of mean adult size most rapidly, followed by hind foot, tail, and then head-body length (Fig.  2) .
Dasymys incomtus neonates were altricial. Both upper (0.5 mm) and lower (0.3 mm) incisors were erupted at birth, which facilitated nipple clinging. Physical and behavioral development of the young was slow. Smelling first occurred by 4-6 days and hearing by 10-12 days. Eyes were fully open by 12-14 days, and young were fully furred by 8-12 days.
Cliff-drop avoidance was present at birth, despite the eyes being closed. Righting and negative geotaxis were present from 6 to 8 days. Several behaviors appeared by 8-10 days, including grasping, self-grooming, and exploration. Coordinated locomotion occurred at 10-12 days, and swimming, which resembled a dog paddle, was first observed by 12-14 days. Agonistic behavior among littermates or between parents and offspring was first detected just before weaning (18-24 days).
From birth to 6 days, young exhibited nipple clinging during 62% of observation sessions, which increased to 96% during 6-16 days. The incidence of nipple clinging declined with time, and by 18 days, the ingestion of solid food was first seen. Weaning was complete by 24 days (28-51 g), when Ն85% of juveniles no longer exhibited nipple clinging.
Males attained sexual maturity at 65-79 days (94-101 g), whereas females reached maturity considerably later, at 120-130 days (134-137 g). This delay in female sexual maturity did not change even when females were housed away from their mothers, given a high protein diet, or paired with an unfamiliar, sexually experienced male. All females in the last group conceived by only 130 days, when the vaginal orifice first opened, and they displayed sexual behavior.
Estrous cycle.-Despite different housing conditions of females (i.e., males present, males absent, close proximity to males), the estrous cycle, as determined by vaginal smears, did not differ among treatments (Table 1) . Overall, females displayed approximately 5 cycles in 45 days, with a typical cycle length of 8-9 days (range 7-16 days). Duration of estrus was 3-8 days, metestrus never exceeded 1 day, diestrus was 1-5 days, and proestrus was 1-2 days. 
DISCUSSION
Compared with other altricial African rodents (Neal 1986 (Neal , 1990 , D. incomtus has a small litter size, large neonate mass relative to maternal mass, and low fecundity. Two pairs produced 15 and 18 offspring during the artificial 12-month breeding season, which may approximate the maximum seasonal reproductive output of D. incomtus in nature. Therefore, the reproductive potential appears to be low, particularly when one considers that breeding is seasonal (Smithers 1975) .
The reproductive and ontogenetic characteristics of D. incomtus are more similar to those of the closely related A. chrysophilus than to those of O. irroratus ( Table  2 ), indicating that these traits are constrained phylogenetically. D. incomtus and A. chrysophilus have shorter gestation periods than O. irroratus, although all have similar litter sizes. Newborn D. incomtus and A. chrysophilus are altricial and considerably smaller than the precocial O. irroratus, and the latter attains biologically important milestones much sooner. The altricial species place greater emphasis on postnatal development, whereas the precocial O. irroratus emphasizes prenatal development, yet all have similar overall rates of development. A similar dichotomy occurs in other altricial and precocial rodents (Case 1978; Neal 1990 ). In addition, growth rate appears to be unrelated to differences in diet, confirming the findings of Neal (1990) .
Female D. incomtus took 17 weeks to reach maturity compared with 8 weeks for A. chrysophilus and 4 weeks for O. irroratus ( Table 2) . Age of sexual maturity in female D. incomtus was unaffected by improved nutrition (high-protein diet) or altered social environment (absence of the mother or presence of an unfamiliar adult male), factors known to influence the timing of sexual maturity of female rodents (Bronson 1989) . Thus, sexual maturity of females is age dependent in D. incomtus. Assuming that D. incomtus is a seasonal breeder, only females born early in the breeding season are likely to reproduce in the season of their birth and would possibly produce only 1 or 2 litters, reinforcing the supposition that D. incomtus has low reproductive potential.
It is unusual for female mammals to delay sexual maturity (Stearns 1992) . However, male mammals normally delay sexual maturity and invest in somatic growth, particularly if large size improves mate acquisition (Harvey and Clutton-Brock 1985) . Apart from increasing the period of growth, Stearns (1992) predicted that the benefits of delayed sexual maturity are higher initial fecundity and better-quality offspring or parental care. Whether female D. incomtus delays maturity for these reasons is unknown, although the potential fitness benefits are obvious.
Whereas precocial species have small litter sizes compared with altricial species (Neal 1990) , all 3 species considered here had similar litter size (Table 2) . Nipple clinging, which occurs in all 3 species, may be an important constraint on litter size. Nipple-clinging rodents usually have small litter size (Meester and Hallet 1970; Neal 1990) , which presumably allows all pups to suckle or cling to nipples simultaneously (Pillay et al. 1993) . D. incomtus has 3 pairs of mammae (1 pectoral and 2 inguinal), and litter size in this study (maximum 5) never exceeded the number of mammae. However, Ͼ6 pups/litter have been reported in free-living water rats (De Graaff 1981; Skinner and Smithers 1990) , which is not consistent with the relationship between litter size and nipple clinging. Nipple clinging apparently enhances the survival of pups by decreasing risk of predation (Neal 1990 ) and occurs mainly in rodents that nest under exposed conditions (Dempster and Perrin 1989) . Whereas A. chrysophilus nests in exposed rock crevices (De Graaff 1981) and O. irroratus nests on the surface (Davis and Meester 1981) , D. incomtus constructs complex nests, which are likely to minimize risk of predation (Hanney 1965) . Therefore, nipple clinging may be of little importance in D. incomtus and may represent a plesiomorphic character shared with A. chrysophilus. Even if a female used nipple clinging to transport an entire litter of small, immobile young when the nest is disturbed, as occurred in captivity, a litter of 2 pups at 12 days could weigh as much as 36% of the mother's weight. This makes it unlikely that females would transport an older litter in nature and perhaps explains why nipple clinging has never been reported in free-living D. incomtus.
Dasymys incomtus may compensate for low reproductive potential by ensuring the survival of young through 2 adaptations.
First, maternal care is well developed. Apart from nipple-clinging behavior, females invest heavily in offspring before weaning. Physiological weaning stops only 8 days before the birth of the next litter (interlitter interval of 32 days, weaning at 24 days of age). In addition, small litter size would presumably allow females to invest proportionally more energy in individual young (Millar 1977 ) compared with other altricial species (Neal 1986 (Neal , 1990 , which is borne out by the large neonate mass relative to maternal mass. Second, the complex nest that D. incomtus builds offers protection and thermal insulation for both mother and pups.
Life-history traits of a population can represent a compromise between adaptive responses to a particular habitat that have accumulated over evolutionary time and constraints imposed by the evolutionary history of a species (Boyce 1988) . Low reproductive output and prolonged postnatal development appear to reflect the phylogenetic constraints imposed by an altricial strategy and nipple clinging. However, these life-history traits also may be adaptive responses to the comparative stability and predictability of the mesic habitats occupied by D. incomtus. This means that D. incomtus may not be able to respond to rapid environmental changes associated with desiccation and destruction of wetlands, which may be one of the reasons for the declining population size in D. incomtus in southern Africa.
